In this investigation we propose a novel planar angular rotator fabricated by the conventional complementary metal-oxide semiconductor (CMOS) process. Following the 0.6 µm single poly triple metal (SPTM) CMOS process, the device is completed by a simple maskless, post-process etching step. The rotor of the planar angular rotator rotates around its geometric center with electrostatic actuation. The proposed design adopts an intelligent mechanism including the slider-crank system to permit simultaneous motion. The CMOS planar angular rotator could be driven with driving voltages of around 40 V. The design proposed here has a shorter response time and longer life, without problems of friction and wear, compared to the more common planar angular micromotor.
Introduction
Microelectromechanical systems (MEMS) have received increasing interest in recent years. Various fabrication technologies, including LIGA, and surface and bulk micromachining, have been developed to fulfill specific industrial requirements. However, the specialized processes may not automatically allow for on-chip integration of MEMS devices and integrated circuits. Therefore, developing a MEMS structure compatible with a commercially available complementary metal-oxide semiconductor (CMOS) [1, 2] process has also received extensive interest. Many microsensors [3] [4] [5] and microactuators [6] [7] [8] have been fabricated using the CMOS process.
The most common planar rotor actuated in-plane is the micromotor, proposed by many researchers [9] . Related applications of the micromotor include optical switches [10] , microgear [11] and microengines [12] . However, the friction [13] and wear of the micromotor restrict the response speed and lifetime. Researchers have also reported on another type of rotator operated at limited angles. The rotary units are supported by flexure suspensions, making friction and wear problems avoidable. The mechanism is useful for the heads of hard disk devices to employ the characterization of quick response [14] . The planar angular rotator suggested herein belongs to this latter type.
In light of the above developments, in this paper we present a planar angular rotator fabricated by the conventional CMOS process. The rotor could be actuated by electrostatic force. The benefits of actuation are without wear and friction problems. In this paper we also describe the configuration of the microactuator and the novelty of the kinetic behavior.
Operating principle

Actuating mechanism
The actuating principle of the planar angular rotator can be derived intuitively from figure 1. Figure 1 (a) indicates that a suspended rotor is supported by four beams via the pin-joint-like [15] connectors. According to figure 1(b), with electrostatic force, the beams are pulled outwards, the connectors acting as rollers, and then the rotor rotates around its center. The electrostatic driving force generated from the comb structure is related to the applied voltage, the dielectric constant, the gap between two fingers and the height and number of fingers. Since the dielectric constant regarding the medium (air) herein is essentially fixed, smaller gaps, greater height and more fingers are necessary for decreasing the voltage demand with large force. Corresponding to the design rule of the CMOS process, the gap could be as small as 0.8 µm. Meanwhile, this study develops a laminated structure [16] to meet the height requirement. By stacking the three metal and two oxide layers, the total height is raised to 5 µm. Additionally, this investigation designs three rows of comb structures to increase the number of fingers to 66 pairs as shown in figure 2.
Slider-crank mechanism
For the practical devices, figure 3 illustrates the scanning electron micrograph of the CMOS planar angular rotator. With the electrical potential, the comb structure will be pulled in the direction parallel to the capacitance plate. Additionally, the S-shaped flexures are joined to the ends of the transmission bar as depicted in figures 4(a) and (b). Because the flexures are thinner and softer than the transmission bar, the deformation occurs at the S-shaped flexures and tilts the transmission bar. Subsequently, the rectilinear motion of the comb would be translated into the rotatory motion of the suspended unit via the transmission bar. The driving mechanism of the rotator, in sum, is a slider-crank system.
As figure 4(c) reveals, the relation between slider and crank includes sliding displacement, x, and rotatory angle, . The equation of motion [17] could be expressed as
where θ is the initial angle from the horizontal, L is the length of the connecting rob and R is the crank length. In practical design, θ equals 45
• , L is the length of the transmission bar and equals 100 µm and R is the half diagonal length of the rotor.
According to equation (1), the motion could be calculated and plotted with the various half diagonal lengths of the rotor as shown in figure 4(d ) . The plot obviously reveals that more displacement is required for the larger unit at the same rotatory angle. To reduce the demand of actuating distance, in this investigation we suggest an array of small units to serve as a big unit. 
Fabrication
The design of the planar angular rotator is in accord with the 0.6 µm single poly and triple metal (SPTM) foundry service of Taiwan Semiconductor Manufacture Company (TSMC). Following the foundry service, a simple post-process with maskless etching releases the structure. The post-process includes three steps to release the structure. Figure 5 (a) presents the schematic cross-section view after the foundry service. All the passivation nitride is already removed and the metal layer is exposed. Although this violates the design rules that require the top metal layer to exist when the passivation nitride is absent, the process still works from the point of microfabrication. Figure 5 (b) depicts the anisotropic oxide etching through the silicon substrate by CF 4 /O 2 reactive ion etching (RIE). Although most of the structure is constructed with the laminated layers, the soft parts are only defined by a single metal layer. Accordingly, isotropic silicon dioxide etching is needed to release the soft parts, as shown in figure 5(c) , and this step could be completed by NF 3 RIE or concentrated HF (49%) wet etching [18] . whole structure. To employ the large undercut of the SF 6 RIE, 3 µm width of the beam could be released in 20 min by plasma etching. Furthermore, although a higher gas pressure can make the plasma etching more isotropic, when the pressure is too high the etching depth becomes inconsistent.
Results and discussion
The experimental setup for the planar angular rotator is illustrated in figure 6 . Both pads on the chip are connected respectively to the positive and negative electrodes of the power supply by probe stations. The power supply applies voltage to the comb structures generating the electrostatic driving force that rotates the rotor of planar angular rotator. The rotor could start around 40 V and rotate to 5
• around 46 V. Increasing driving voltages could result in breakdown around 120 V but the rotor had no further rotation. The experiment shows that the controllable range is between 40 and 46 driving volts corresponding to 0 and 5
• rotation angle. Most of the force was confined within the S-shaped flexure, and the rotor could not rotate to more than 5
• . For improving the performance, a longer transmission bar and softer S-shaped flexures would be necessary to satisfy the assumptions of pinjoint-like mechanism and, in doing so, would make the motion smoother and larger.
According to the CMOS foundry service adopted herein, the via implies digging of a tunnel in the oxide layer between the two metal layers. Using the via to connect each metal layer not only expands the electrode, but also protects the structure from plasma etching (figure 5). The suspended microstructures of the planar angular rotator are made of metal layers. In order to decrease the etching time when releasing the suspended microstructures, many etching holes are designed in the suspended microstructures as shown in figure 7(a) . The surface of the suspended microstructures is rugged owing to etching holes. However, the caves would be filled with polymer after F-based plasma etching ( figure 7(b) ). As a restatement, polymerization occurs in the metal layer, accounting for why it is a good etching mask for plasma etching [19] . Over plasma etching would cause the free structure bending out-of-plane (figure 8) due to ion bombardmentinduced stress concentration on the surface. The bending potentially results in the failure of actuation or demand of more driving volts. Therefore, a precision etching time should be found to fully release the structure without bending.
Optical switches are important components for the optical fiber communication networks. Lee et al [20] proposed free-space fiber-optic switches based on vertical torsion mirrors. The planar angular rotator is able to use the optical switch. TSMC recently had a single polysilion six metal (1P6M) CMOS process. The 1P6M process, which has six metal layers, can be used to fabricate three-dimensional microstructures. In future, we will fabricate vertical micro mirrors set on the rotor of the planar angular rotator using the 1P6M CMOS process. The action of the rotor can switch the direction of vertical micro mirrors as the optical switch does.
Conclusion
In this work we have designed and fabricated the planar angular rotator using the CMOS process. Experimentally, in this study we perform maskless etching with plasma or solvent and obtain excellent results including high selectivity and full release of the structure. Finally, the CMOS planar angular rotator could be driven by applying voltages of around 40 V. The whole procedure is simple and compatible with the integrated circuits. This investigation not only reduces the developing time, but also minimizes the scale by following the advancing CMOS process.
